transmission defects (Zhang et al., 2001 ). These authors since they exhibit a simple stereotypical pattern of axon also reported a relatively modest increase in the number branching in the distal medulla, allowing any abnormaliof arboreal branches at the NMJ and, probably conseties to be readily observed (Hassan et al., 2000) . In order quently, a similar increase in the number of peripheral to visualize these neurons in the mutant background, synaptic boutons. Neuronal overexpression of DFXR the DC marker atoGal4-14A construct was recombined caused a decrease of bouton number, without affecting onto the dfxr ⌬113 chromosome. In combination with UASthe number of branches. Finally, the authors present CD8gfp, this recombinant chromosome allows the visuevidence that the upregulation of the Drosophila MAP1B alization of the DC neurons and their branching patterns. homolog, Futsch, in dfxr mutants is sufficient to explain Flies were studied either as living pharate adults, or the defects observed in dfxr mutants, a surprising findshortly after eclosion. First we established that DFXR is ing given the potentially large number of target RNAs indeed expressed in DC neurons. We find that DFXR is of the mammalian FMRP protein.
present in DC neuronal cell bodies and localized to the To investigate Drosophila as a model for fragile X cytoplasm during pupal development (data not shown), disease, we studied the loss and gain of DFXR function when DC neurons are arborizing in the optic lobes, as in the brain. First, we find that DFXR, like its mammalian well as in adults ( Figure 2D ). The analysis of atoGal4-homologs, is expressed in brain neurons but not in glia. /dfxr ⌬113 combination showed a pends on the level of DFXR activity, suggesting that milder phenotype (average of 6 crosses/brain lobe) DFXR acts in a dose-dependent manner to determine when compared to controls ( Figure 3G ). neuronal phenotype.
14A,dfxr
We wondered whether DFXR is required for neurite extension in other neurons as is suggested by its panResults neuronal expression. To address this issue, we exam-DFXR Is Expressed in Brain Neurons but Not Glia ined the morphology of the LNv, the major circadian DFXR contains the same functional domains as its verterhythm centers in the fly brain (Helfrich-Forster et al., brate homologs ( Figure 1A ) and is equally similar to 2000). We confirmed that the LNv do indeed express all three forms, suggesting that it is derived from an the DFXR, and that it is cytoplasmically localized ( Figure  ancestral protein (Figure 1B) . We used four reported dfxr 3E, inset). In normal flies, LNv cells extend a dorsal alleles (Zhang et al., 2001 ), one hypomorphic P element branch toward the dorso-medial aspect of the brain. The insertion allele and three null deletion alleles ( Figure 1C) , branch first extends dorsally, and then turns medially as well as dfxr transgenic flies (Wan et al., 2000) to study toward the center of the brain at which point the individthe effects of dfxr loss and gain of function. We began ual fibers seem to defasciculate slightly. Labeling of the by examining the expression and distribution of DFXR lateral neurons using UAS-CD8GFP driven by PDF-Gal4 in the fly brain. The mammalian FMR1 protein is enriched (Renn et al., 1999) reveals two differences between hetin the brain, but its expression is specific to neurons erozygous and homozygous mutant flies. First, by comand excluded from glia. To determine the developmental parison to controls ( Figure 3E ), dfxr mutants ( Figure 3F ) regulation of DFXR brain expression, we analyzed pupal show overextension of axons (red arrow), suggesting brains, immunohistochemically, at two stages of pupal that in lateral neurons, dfxr normally inhibits neurite exdevelopment, as well as adult brains using ␣-DFXR, a tension, whereas in DC neurons, it is required for proper neuronal specific marker (elav [c155] driven GFP) and extension. Another defect observed in lateral neurons glial specific (REPO) marker (Figure 2) . We find that is mistargeting of axons (yellow arrow) and looping of DFXR is constitutively expressed in most, if not all, neufibers (red arrowhead), suggesting potential guidance ronal cell bodies and excluded from glia (Figure 2A) . defects. In contrast to DC neurons, however, these deThis pattern persists in adults ( Figure 2B ). Importantly, fects showed considerable variation in severity among no DFXR protein was detected in the brains of any dfxr mutant animals. Severe defects shown in Figure 3F were deletion mutant we analyzed ( Figure 2C Effects on the lateral neurons, the circadian pacemaker cells of the fly brain (Ewer et al., 1992), are expected to perturb circadian clock output. As most of the dfxr alleles are semilethal, we were able to characterize adult behavior in "escaper" individuals. We examined circadian rhythms of locomotor activity in dfxr ⌬113 homozygous mutants and in sibling heterozygotes of similar genetic background. As shown in Figure 4A and Table  2 , control heterozygous siblings had robust activity rhythms with an average circadian period in the wildtype range. In contrast, the vast majority of homozygous mutants exhibited weak and erratic rhythmicity or were statistically arrhythmic ( Figures 4B and 4C) . A few of the homozygotes (3/36; Table 2 ) showed a single dominant periodicity, by visual inspection of records and/or by X 2 -periodogram analysis (i.e., they were considered strongly rhythmic), but the remainder of the rhythmic flies exhibited multiple free-running activity components in DD. These were noted by visual inspection of records and on the basis of X 2 -periodogram analysis ( Figure  4C ). Compared to control siblings, homozygous DFXR mutants also displayed abnormally low average activity levels, although it is unclear how this phenotype relates to the circadian defect. Average daily activity levels in LD and DD, respectively, were 642 Ϯ 313 (SD) and 539 Ϯ 301 events for dfxr homozygotes, whereas they were 1533 Ϯ 489 and 1891 Ϯ 652 events for heterozygotes.
The alteration of locomotor activity rhythms in dfxr mu- 5C and 5D). This result, together with the observed It is important to point out that pupae from TM6B balrhythmic eclosion, indicates that the molecular oscillator anced mutant stocks, carrying the visible dominant Tb is intact in dfxr mutants. marker, were counted to insure that they had developed to the pharate adult stage in Mendelian ratios. Thus, the lethality quantified is due to eclosion failure and pharate Normal Photoreceptor Morphology and Function in dfxr Mutants adult lethality and not to lethality at earlier stages of development. This eclosion failure was further quantiThe effects of dfxr mutations on DC and LNv neurons suggested that DFXR might regulate morphology and/ fied by counting the number of eclosing adults for the different allelic strains ( These observations indicate that dfxr mu-6B). We also examined the structure of photoreceptor axons and terminals in the optic lobes using ␣-chaoptin tations do not affect the ERG, and emphasize the importance of proper genetic controls in physiological and (mAb 24B10; Figure 6C ). These studies demonstrated that photoreceptor development and function are not behavioral studies. The examination of photoreceptor axons in the lamina (la), optic chiasm (oc), and distal affected by loss of DFXR. We find that the "on" ( then branch in a regular array, forming a stereotypical 7C), suggesting a misregulation of the intrinsic branching program. It could also be the case, however, that abergrid-like structure shown in Figure 7A bility, we examined the branching pattern in the dfxr EP3517 / levels of DFXR caused a complete failure of axon extension from the lobula to the medulla ( Figure 7E ) in every dfxr ⌬113 combination, for which more than 60% of fibers cross to the medulla ( Figure 3G ). Flies bearing this allelic brain examined. This is qualitatively very similar to the loss-of-function mutant phenotype, but more severe. combination also showed defects in the branching pattern and small ectopic branches (Figure 7D) , despite the Careful analysis of flies overexpressing DFXR showed that fibers entered the lobula ( Figure 7E, arrows) , but presence of several neighboring fibers that extended in a regular array. These data indicate that the branching that they then projected to inappropriate sites within the lobula or stopped at the lobula-medulla border (Figdefect is not secondary to the crossing defect. ure 7E, arrowheads). To confirm that this phenotype was dependent on the level of DFXR activity, we overex-DFXR Functions in a Dose-Dependent Manner We were interested to determine whether, and how, gain pressed a mutant form of the protein. This mutant protein carries a missense mutation (I307N) in a highly conof DFXR function might also affect neurite morphology. Therefore, we examined the effect of dfxr overexpresserved Isoleucine of the KH domain, mimicking a mutation identified in a severe case of fragile X synsion on DC neuronal morphology. We found that high Figures 7F and 7G) . In overexpressing individuals, only occasionally were fibers observed to cross the lobulaused to study neuronal phenotypes in the Drosophila brain. Analysis of DC and LNv cells in dfxr mutants medulla border. However, those fibers formed aberrant projection and branching patterns within the medulla shows that the loss of DFXR causes axon extension defects. In DC neurons, all mutant brains examined ( Figure 7G, arrows) , consistent with a role for DFXR in both processes. We also expressed DFXR in the DC showed failure of axon extension. Importantly, this extension defect was less severe in hypomorphic mutants neurons of dfxr mutants (UAS-dfxr/UAS-CD8gfp; dfxr ⌬83 / dfxr ⌬113 , atoGal4-14A and UAS-dfxr/UAS-CD8gfp; dfxr ⌬113 / expressing low levels of the protein; i.e., the level of DFXR activity is proportional to the observed phenodfxr ⌬113 , atoGal4-14A). We find that expression of dfxr in the absence of any detectable endogenous protein has type. In contrast, overextended axons were observed for LNv neurons, indicating that DFXR acts to inhibit the same effect as expression in a wild-type background ( Figure 7H ). These data suggest that the dose of DFXR axon extension in these cells. Interestingly, not all dfxr mutant brains exhibited LNv neuronal defects, sugmay be under stringent regulation and that precise levels are required for proper function.
gesting that the role of DFXR may be redundant in these cells. Finally, photoreceptor neurons appear morphologically normal in mutants, demonstrating that DFXR Discussion activity is differentially required within the nervous system. Interestingly, overexpression of DFXR in DC neudfxr Regulates Neurite Morphology To investigate the function of the Drosophila fragile X rons, both in wild-type and mutant backgrounds, resulted in a complete failure of axon extension. Therefore, homolog, dfxr, and investigate Drosophila as a model for fragile X syndrome, we studied the effect of the loss loss and gain of function lead to similar phenotypic defects, potentially suggesting that the dosage of DFXR and gain of function of dfxr in the fly brain. DFXR displays two important similarities to the human protein. First, is critical for its function. In vertebrates, it has been shown that the dosage of the protein was correlated it has significant sequence similarity in the functional domains. Second, while it is widely and dynamically with behavioral abnormalities (Peier et al., 2000) . In addi- 
